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[57] ABSTRACT

Apparatus (20) for the dispersion of minute bubbles 1n a
liquid resin material comprises high pressure tank means
(21) containing a liquid resin material (M) under pres-
sure; means for delivering (45) at least one agent se-
lected from the group consisting of blowing agents and
nucleating agents into the liquid resin material; means
for agitating (63) the mixture of liquid resin material and
the selected agent within the tank; means for shearing
(60) the mixture; and control means (50) for determining
the population of bubbles of the agent within the mix-
ture and provides an output signal for controlling oper-
ation of the means for shearing, thereby altering the
fineness of dispersion of the agent in the liquid resin
material as desired. A method for the dispersion of
minute bubbles 1n a hquid resin material comprising the
steps of withdrawing a quantity of the liquid resin mate-
rial and an agent selected from the group consisting of
gaseous and liquid blowing agents and nucleating
agents from a supply tank; controlling the operation of
means for shearing the liquid resin material and dis-
persed blowing agent, positioned within the supply
tank, thereby affecting as desired the size and homoge-
neity of the bubbles of blowing agent; and, agitating the
mixture of liquid resin material and dispersed blowing
agent within the tank with the output from the means
for shearing to obtain a uniform and homogeneous pop-
ulation of bubbles dispersed in the liquid resin material.

44 Claims, 7 Drawing Sheets
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APPARATUS AND METHOD FOR THE
DISPERSION OF MINUTE BUBBLES IN LIQUID
MATERIALS FOR THE PRODUCTION OF
POLYMER FOAMS

TECHNICAL FIELD

This invention relates to an apparatus and method to
Incorporate minute gas bubbles into a liquid resin mate-
rial for the manufacture of polymer foam. More particu-
larly, the invention relates to an apparatus and method
to measure the quality and fineness of dispersion of a
reactive material/blowing agent or nucleating agent
mixture by counting the number of minute gas bubbles
of blowing agent or nucleating agent in the liquid, mea-
suring their distribution in a given control volume and
measuring the size of the bubble necessary to produce
an acceptable part. Additionally, this invention relates
to an apparatus and method to optimize the dispersion
of the liquid resin material/blowing agent or nucleating
agent mixture by regulating the speed of a custom de-
signed dispersion agitator proportional to an electronic

analog feedback signal obtained from a particle size
analyzer.

BACKGROUND OF THE INVENTION

In the manufacture of polymeric foams, such as, for
example, polyurethanes, polyureas, and the like, a heat
activated or gaseous chemical blowing agent is nor-
mally added to a liquid resin material in order to pro-
vide the cell structure after polymerization.

The term hquid resin material is understood to in-
clude any reactive liquid material that can be converted
into a polymer by a polymerization reaction. Of particu-
lar interest are polyurethane, polyurea and isocyanate
polymers which are produced by contacting under
reactive conditions, suitable amounts of liquid resin
material comprising a polyahl and an isocyanate.

The term polyahl is understood to include any com-
pound containing active hydrogens in the sense of the
Zerewitinoff test, see Kohler, “Journal of the American
Chemical Society, page 381, Volume 49 (1927). Repre-
sentative active-hydrogen groups include-OH, COOH,
—SH and —NHR where R is H, alkyl, aryl and the like.

‘The term isocyanate is understood to include organic
1socyanates and polymeric derivatives thereof useful in
making polyurethanes, polyureas and polyisocyanurates
such as aromatic, aliphatic and cycloaliphatic polyiso-
cyanates. Exemplary compounds inciude toluene diiso-
cyanate (1TDI), diphenylmethane diisocyanate (MDI),
polymeric diphenylmethane diisocyanate, hexamethyl-
ene diisocyanate and mixtures thereof.

A crude polyisocyanate may also be used in the prac-
tice of this mnvention, such as the crude toluene diisocy-
anate obtained by the phosgenation of a mixture of
toluene diamines or the crude diphenylmethane diisocy-
anate obtained by the phosgenation of crude methylene
diphenylamine. The preferred undistilled or crude poly-
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~isocyanates are disclosed in U.S. Pat. No. 3,215,652,

incorporated herein by reference. Derivatives of the
above 1dentified isocyanates, such as, prepolymers, are
equally suitable for use in the present invention. This
disclosure relates to systems used in RIM (Reaction
Injection Molding) and RRIM (Reinforced Reaction
Injection Molding). |

RIM and RRIM foam processing systems generally
utilize an amine terminated polyahl, polyether or poly-
ester polyahl and MDI and TDI and small amounts of

65

2

catalysts and surfactants. The compressed gas bubbles
present during mold filling aid in complete filling of the
mold and enhancement of surface characteristics of the
molded product.

Prior art has called for the dispersion or dissolution of
low boiling blowing agents to expand as gas bubbles
during the polymerizing process and a dispersed gas to
form heterogeneous nucleation sites. This was useful in
urethane systems whose heat of reaction was high
enough to raise the mixture temperature above the boil-
ing point of the blowing agent.

Due to the extremely short gel time (< 1.5 sec) of

current RIM and RRIM systems, low boiling blowing

agents are seldom used. They do not have enough time
to boil and produce expansion, unless their levels are
high, causing other problems. Currently, the role of
nitrogen or some other inert gas or mixture thereof has
become that of a blowing agent.

In RIM and RRIM technology, the introduction of
nitrogen, dry air, inert gas or a mixture thereof as a
blowing agent into the polyahl or isocyanate under
pressure occurs in the form of suspended bubbles, in up
to about a fifty percent by volume concentration as
measured at atmospheric conditions. The term ‘““nucle-
ation” has been retained and has become synonymous
for this process. Attempts have been made to introduce
the gas accurately and efficiently and to reduce the
specific gravity of the liquid resin material/gas mixture
by this method.

The criterion for “enough nucleation”, or “good
nucleation” is how well the reacting materials fill the
mold. Symptomatic conditions of “poor” fill and conse-
quently “poor nucleation” are typically pin-holing in
the part; flow lines in the part; underfills in the mold;
high part density gradient; sink marks in the part; poros-
ity in the part; and air bubbles in the part.

Although it can be stated that any of these problems
can be caused by other variables, they are often attrib-
uted to poor nucleation.

It 1s easily observed that open samples of nucleated
material behave with marked differences depending on
operating parameters of a machine and they vary from
machine to machine. The qualitative observation is that
material when withdrawn from the system, rises first as
a creamy froth. After some time, the bubbles begin to
coalesce and the froth eventually collapses back to a
liquid. Some nucleated mixtures form froths which are
more or less stable than others.

Factors which influence the stability of the froth are
total gas quantity and bubble size, given a constant

surface tension. It is well known that traditional meth-

ods of on-line nucleation measurement yield data which
indicates “‘enough nucleation” is present yvet molded
parts may show the above stated flaws; pin-holing, sink
marks, etc. At such times, an open sample shows that
coalescence is occurring at a very rapid rate.

Bubble size also 1s the primary variable influencing
the total quantity of gas a mixture may retain. It is also
known that finished parts made with mixtures contain-
ing finer bubbles have greater impact strength than
parts made from mixtures containing larger bubbles at
identical gas concentrations. It is further known that
mixtures with extremely small bubbles can be made to
hold more gas than mixtures with large bubbles.

Because the blowing agent is not significantly dis-
solved 1n the liquid, it’s precise volume percent in the
liquid is established by measuring the density of the
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liquid/gas mixture. Various measuring methods summa-
rized below are currently being employed to establish
the density of the monomer/gas mixture. |

One of these is the open cup method of which there
are three versions. In a first; a quantity of liquid resin 5
material/gas mixture is drawn from the apparatus con-
ditioning loop into a dome-shape lidded cup of known
volume and weight. The cup is filled, excess material is
wiped from the bleed hole in the lid and the cup 1S
weighed. The tare is subtracted and a multiplier is used
to convert the weight (grams) to the specific gravity
(metric density). In another, a quantity of the liguid
resin material/gas mixture is drawn from the apparatus
conditioning loop into an open cup, less lid. A hydrom-
eter is placed in the mixture and the specific gravity is
read directly. In a third, a quantity of the liquid resin
material/gas mixture is drawn from the apparatus con-
ditioning loop into a graduated glass cylinder. The ma-
terial height in the cylinder is recorded; the cylinder is
weighed and the density calculated. | 20

Another measuring method is known as the instru-
mented open cup. An automated and instrumented du-
plication of the open cup method, the instrumented
open cup, has been patented in Europe by Krauss Maf-
tei (EP 125,541-B). This method falls short of the open
cup n that it involves allowing excess material to spill
from a graduated primary weighing cylinder into a
secondary cylinder, under atmospheric conditions,
thereby causing the material to effervesce sufficiently
that the remaining monomer in the measuring cylinder
will vary significantly in density.

Another measuring method is known as the compres-
sion method. This method compresses the liquid resin
matenal/gas mixture in a cylinder to a pressure which is
intended to guarantee that the gas in the mixture is of 35
insignificant volume. The uncompressed density is then
inferred from the volume change which is actually seen

as linear displacement of the cylinder.

A fourth method is known as the nuclear attenuation
method. The liquid resin material/gas mixture density is 40
measured by installing a clamp-on 15-100 millicurie

~ radiation source emanatlng through a window 1n the
housing and passing through the pipe and liquid resin
material/gas stream to a receiver located opposite of
the source. The detector, being either a scintillation 45
tube or an 10n chamber, emits a signal compared with a
calibration standard and scaled to engineering units.
The unit is extremely accurate once calibrated.

In a fifth method, the vibrating U-tube method, the
liquid resin material/gas mixture passes through a vi- 50
- brating U-tube oscillating in a direction perpendicular
to the plane of U-tube flow. The inertial forces creating
an amplitude which is directly related to the density of
the mixture.

The pnmary dlsadvantage of the open cup method is 55
that it is difficult to obtain consistent and accurate read-
Ings, since gas bubbles begin to coalesce. The instant the
sample i1s removed from the system, and the time be-
tween removing the sample from the system and taking
the measurement may vary. While the compression,
nuclear attenuation method, and vibrating U-tube meth-
ods referred to above may provide more consistent and
accurate density readings, they have been found to be
even less useful than the open cup method in predlctmg
the quality of polymers made from the liquid resin mate-
rial. The instrumented cup method and the vibrating
U-tube are only accurate if they are calibrated for the
~particular resin and have means to correlate the results
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with standard temperature and pressure. Finally, a dis-
advantage of all of the above methods 1is that they are
dependent upon the skill and judgment of the chemust or

~ operator using the methods, interpreting the results, and

adjusting the process for adding gases to the liquid resin
material in order to optimize the physical properties of
polymers made from such material.

It is noted that the patent art provides numerous
examples of apparatus and methods for using various
blowing agents.in a variety of liquid resin material com-
ponents. For example, the introduction of an inert gas,
such as, nitrogen, into a liquid reaction component of a
reaction injection molding (RIM) system is taught by
U.S. Pat. No. 4,157,427. In general, the gas is added to
one of the precursors of a polyurethane by use of a
sparger through which the gas is forced, under pres-
sure. The sparger is described as a suitably sized and

~ shaped porous rigid structure, to produce minute bub-
‘bles for better mixing, that is placed in a pipe through

which the reactive component is circulated from the
supply tank and then sent either to a mixing head or
back to the supply tank. However, laminar flow en-

hances coalescence.

U.S. Pat. No. 4,376,172 is directed toward a closed
loop apparatus for controlling the addition of a gas to a
liquid, such as, polyurethane precursor, in a RIM pro-
cess. Additionally, means are provided for accurately
measuring the amount of the gas that is added. The
blowing agent or gas is added by means of a sparger
which is in a stream of the reactant being recirculated
from the supply tank, through a conditioning loop and
back to the supply tank. |

U.S. Patent No. 4,526,907 is directed toward a pro-
cess and device for charging gas into at least one of the
components combined to produce plastic foams. The
reactant from one supply tank is piped through a circu-

lation line which has a zone of compression that is

higher in pressure than that in the supply tank. In this
compression zone the foaming gas is added, and the
mixture 1s subsequently forced through a throttle ele-
ment to reduce the pressure before return to the supply
tank. The patent also teaches that several different
methods can be employed to determine the amount of
gas in the gas-reactant mixture including density, partial
pressure, the absorption of a beam of light, compress-
ibility and solubility, but does not necessarily discuss
means for doing so.

U.S. Pat. No. 4,906,672 is directed toward a method
for the continuous manufacture of polyurethane foam.
More particularly, it deals with the additions of small
amounts of carbon dioxide to polyurethane-forming
reactants which contain water as the primary blowing
agent and teaches that the carbon dioxide is to be dis-
solved into one of the reactants well before being sent to
the mixing head.

Introduction is performed under high pressure, pref-
erably 75 to 900 psig (0.62 to 6.3 MPa), in a pipe, a
sufficient distance from the mixing head that uniform
entrainment is achieved upon traveling from the sight of
impingement to the mixing head. Once the mixture
reaches the mixing head, a nozzle or series of nozzles
are employed to expand the carbon dioxide-reactant
mixture; however, the patent teaches that the entrain-
ment of bubbles 1s to be avoided.

Fimally, European Pat. No. 125,541-B, noted herein-
above, discloses a device for measuring the gas charg-
ing of a hiquid component used for producing synthetic
plastic foam, such as a polyurethane. It employs a mea-
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suring vessel, for receipt of a liquid sample periodically,
and which communicates with an overflow vessel. By
allowing the pressure in the measuring vessel to de-
Crease to atmospheric, the gas laden component ex-
pands and overflows to the overflow vessel which al-
lows density to be determined.

The prior art teaches determination of gas loading
using measured density of the blowing agent/liquid
resm material mixture at actual operating pressure (U.S.
Pat. No. 4,157,427) or at ambient pressure. To this pur-
pose, mixtures of polyahls and blowing agents are ex-
panded either from a preset operating pressure to a
second, lower set pressure (U.S. Pat. No. 4,376,172) or
from a given preset operating pressure to atmospheric
pressure (European Pat. No. 125,541-B). The latter
invention utilizes equipment that is large, cumbersome
and expensive. Moreover, at least part of the gas in the
mixture will be lost from the system during expansion.

Thus, it should be apparent that although others have
employed various low boiling compounds, as blowing
agents for polyurethane foam, apparatus and method
have not been taught for determining and controlling
- the fineness of blowing agent dispersion in a liquid resin
material, in precise amounts and bubble and droplet

sizes so as to control the cell structure of the resulting
foam.

SUMMARY OF THE INVENTION

It is therefore an object of the present invention to
provide an apparatus and method to predict and control
the performance of a gas in a reactive liquid resin mate-
rial in such a way that the relative contribution of
amount of gas to the quality and fineness of dispersion
can be controlled and documented as independent vari-
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ables, as a second order interaction and to control per-

formance in the mold.

It 1s another object of the present invention to pro-
vide an apparatus and method employing means to
obtain counts of populations of selected gas bubble sizes
dispersed within the reactive liquid resin material.

It is still another object of the present invention to
provide an apparatus and method to obtain real time
computerized statistical analyses that correlate to the
number of gas bubbles and their sizes dispersed within a
hiquid resin material.

It is yet another object of the present invention to
measure filler content in polyahl in R-RIM processes.

It 1s still another object of the present invention to
provide an apparatus and method to obtain real time
computerized statistical analysis which will document
and plot a total count of population of selected bubble
sized particles and provide an algorithm producing a
single number which can be used as an output to vary
the RPM of a novel shearing device.

It 1s a further object of the present invention to pro-
vide a novel shearing device for homogenizing the bub-
ble population within a2 mixture of blowing agent and
liquid resin material.

It 1s a further object of the present invention to pro-
vide an apparatus to apply very high shear forces to
reduce or maintain bubble sizes of blowing agents dis-
persed within a liquid resin material in the range of
about less than 1 to 1000pu.

It 1s yet a further object to provide an apparatus to
form a stable mixture, nucleated with control, to con-
centrations of gas significantly greater than 50 percent.
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It 1s a still further object of the present invention to
provide an apparatus which allows shearing of gas bub-
bles without causing filler destruction in polyahls.

It 1s yet another object of the present invention to
provide an apparatus and method for dispersing blow-
ing agents within a liquid resin material which avoids
uncontrolled gas inclusion from the tank blanket into
the liquid resin material.

It 1s still another object of the present invention to
produce RIM and RRIM parts having lower than nor-
mal densities.

In general, the present invention provides apparatus
for the dispersion of minute bubbles in a liquid resin
material comprising high pressure tank means contain-
Ing a liquid resin material under pressure; means for
delivering at least one agent selected from the group
consisting of gaseous and liquid blowing agents and
nucleating agents into the liquid resin material: means
for agitating the mixture of liquid resin material and the
selected agent within the tank; means for shearing the
mixture; and control means for determining the popula-
tion of bubbles of the agent within the mixture and
providing an output signal for controlling operation of
the means for shearing, thereby altering the fineness of
dispersion of the agent in the liquid resin material as
desired.

The present invention further provides apparatus for
homogenizing the bubble population within a mixture
of liquid resin material and agents selected from the
group consisting of gaseous and liquid blowing agents
and nucleating agents comprising housing means having
inlet and outlet means; first chamber means, cooperative
with the inlet means for the introduction of the mixture
into the housing, and at least one blade; at least one
additional chamber means, providing at least one blade
and; means for rotating the blades. |

The present invention provides further apparatus for
homogenizing the bubble population within a mixture
of liquid resin material and agents selected from the
group consisting of gaseous and liquid blowing agents
and nucleating agents comprising housing means having
inlet and outlet means; first chamber means, cooperative
with the inlet means for the introduction of the mixture
into the housing, and providing at least one blade: at
least one additional chamber means, cooperative with
the outlet means, and providing at least one pumping
blade for pumping the mixture axially through the hous-
ing; means for rotating the blades; and sidewall port
means 1n the housing communicable with the mixture
within the tank.

The present invention also provides a method for
dispersion of minute bubbles in a liquid resin material
comprising the steps of withdrawing a quantity of the
liquid resin material and an agent selected from the
group consisting of gaseous and liquid blowing agents
and nucleating agents from a supply tank; controlling
the operation of means for shearing the liquid resin
material and dispersed agent, thereby affecting as de-
sired the size and homogeneity of the bubbles of the
agent; and, agitating the mixture of liquid resin material
and dispersed agent within the tank with the output
from the means for shearing to obtain a uniform and
homogeneous population of bubbles dispersed in the
liguid resin material.

Finally, the present invention provides gas-filled
RIM articles produced from a liquid resin material hav-
Ing an open cup specific gravity of less than about 0.45.
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At least one or more of the foregoing objects, to-
gether with the advantages thereof over the known art
relating to methods and apparatus for incorporating
blowing agents into liquid resin materials, which shall
become apparent from the specification which follows,
are accomplished by the invention as hereinafter de-
scribed and claimed.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a partial block and schematic flow diagram
of apparatus, according to the present invention, for
controlling fineness of dispersion of a blowmg agent in
a liquid resin material;

FIG. 2 1s a cross-sectional view of the novel shearing
device of the present invention:

FIG. 3 is a section, taken substantially along the line
3—-3 of FIG. 2;
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FIG. 4 is a section, taken substantially along the line

4—4 of FIG. 2;

FIG. 5 1s a section, taken substantlally along the line
5—S5 of FIG. 2.

FIG. 6 1s a schematic flow diagram of apparatus,
according to the present invention: depicting the use of
novel sheanng device outside of the resin supply tank;

FIG. 7 is a schematic flow diagram of apparatus,
according to the present invention; also depicting the
use of novel shearing dev:ce outside of the resin supply
tank; |

FIG. 8 is block diagram of measunng equipment and
a control system exemplary of the present invention,
including bubble size distribution and mixture density
measuring equipment and associated control employing
proportional integral derivative controllers;

FIG. 9 1s block diagram of a conventional digital
program implementation of a proportional integral de-
rivative controller; and

FIG. 10 s a block diagram of a digital program imple-
mentation of proportional integral derivative control-
ler, according to the present invention, for controlling
fineness of dispersion of a blowing agent in a liquid resin
material in the apparatus shown in FIG. 1.

PREFERRED EMBODIMENT FOR CARRYING
OUT THE INVENTION

In the manufacture of polyurethane foam using the
RIM process as a preferred example, two materials, a
polyahl and an isocyanate component are prepared
separately and then combined in a mixhead. In the case
of the RRIM process, a filler is added generally to the
polyahl. The blowing agent or mixture of agents is
incorporated into the liquid resin material forming a
mixture thereof and although the blowing agent is nor-
mally added to the polyahl stream, it could be added to
the 1socyanate stream as well. Owing to the different
phases and types of mixtures possible, the term “incor-
poration” as used herein, includes mixtures of essen-
tially soluble as well as essentially insoluble blowing
agents with liquid resin material, which are dissolved
and distributed or dispersed respectively. Hence the
term mixture can include combinations of an essentially
insoluble blowing agent with a liquid resin material as
well as solutions of soluble blowing agents in liquid
resin materials. It should also be appreciated that liquid
and gas blowing agents can be employed and thus, in-
corporation includes hquld droplets and gas bubbles
and molecules.
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It should also be appreciated that liquid and gas blow-
ing agents can be employed thus, incorporation includes
liquid droplets and gas bubbles and molecules.

The term blowing agent is understood to include both
gases and liquids that have utility as blowing agents, for
example, compounds, such as, chlorofluorocarbons
(CFC’s) hydrochlorofluorocarbons (HCFC’s), - per-
fluoroalkanes (PFA’s), hydrofluoroalkanes (HFA’s)
hydrochloroalkanes (HCA’s), normal and branched
alkanes and mixtures thereof, esters, ethers, noble gases,
ammonia, pentane and isomers, thereof, and mixtures
thereof, as well as water and steam, carbon dioxide,
helium, nitrogen and air as well as any suitable mixture
of two or more blowing agents. Nitrogen is especially
useful as a blowing agent for the production of polyure-
thane RIM and RRIM foams.

Within the mixture, the blowing agent is present in
minute bubbles which affect cell structure and quality
of the final RIM or RRIM product. While 1ncorpora-
tion of the precise amount of blowing agent is impor-
tant, as 1s the need to incorporate the blowing agent in
minute bubbles or particle sizes, on the order of be-

tween less than one micron up to about 100 microns, the

present invention is concerned with determining and
controlling the dispersion of the blowing agent within
the mixture.

More particularly, the fineness of dispersion has been
found to be an important factor in controlling the qual-
1ty of the product. Thus, while the introduction of min-
ute bubbles of blowing agents is a crucial factor, it is
also necessary that the majority of the bubbles be of a
uniform size. We have found that an evaluation of the
populations of bubbles within a mixture of liquid resin
material and blowing agent reveals a wider range of
sizes than expected, partially attributable to coales-
cence. As noted hereinabove, it is an object of the pres-
ent invention to provide for determmmg Or measuring
the bubble populations and then utilize this information
to control the fineness of dispersion of the blowing
agent, ensuring a high population of minute bubbles of
uniform size. With reference now to the drawings, an

~ apparatus and method for so doing shall be described.
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The apparatus of the present invention is indicated
generally by the numeral 20. Apparatus 20 utilizes an
appropriate digital control system; however, inasmuch
as such systems are well known and do not constitute
novelty herein, no further description is deemed neces-
sary. Apparatus 20, as depicted, includes approximately
one-half of a two component liquid resin material sys- -
tem, e.g., polyahl and isocyanate, for the manufacture of
polyurethane. For purposes of discussion, apparatus 20
shall be described in conjunction with the polyahl liquid
resin matenal component.

A liquid resin material holding and mixing tank 21 is
provided for receipt of a supply of material M. Tank 21
is designed to withstand pressures of up to about 500

psig (3.5 MPa) and is fed via conduit 22, 2 supply of

liquid resin material from a source (not shown). Prefera-
bly, the pressure within the tank 21 may be about 250

psig (1.8 MPa) and most preferably about 100 psig (0.69

MPa). Nevertheless, it is to be understood that even
higher pressures are not to be precluded, if a desired
matenial and blowing agent combination may require.
such pressure, and similarly, pressures as low as 20-25
psig (0.14-0.17 MPa) may be suitable with other combi-
nations.

L1quid resin material 1s withdrawn from a conduit 23

at the base of the tank 21, through a series of valves (not
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shown), pumps 24, high pressure metering unit 25 and
related components and equipment, as is known in the
art, and 1s eventually charged through a convergent
nozzle 26 in a mixing head 28 and finally through exit
chamber 29 into a mold (not shown). Charging pres-
sures range from about 1100 psig (7.6 Mpa) and 4000
psig (27.6 Mpa), preferably 2800 psig (19.3 MPa). The
second reactive material, such as a polyisocyanate, will
be simultaneously injected through conduit 32, conver-
gent nozzle 33 in mixing head 28 and through exit cham-
ber 29, thoroughly mixed with the material M (polyahl).
When the mixing head is closed, both streams will be

returned to their respective tanks via conduits 34 and
35.

As noted hereinabove, this apparatus is intended to
employ an essentially insoluble blowing agent, hence
supply tank 36 is provided for the delivery of blowing
agent via exit valve 38 and pressure regulator 39, into
hne 40. Line 40 is provided with a regulator 41, valve 42
and feeds into a sparger unit 43 which contains a series
of spargers 44. Valve 42 receives an output signal from
and 1s controlled by a density control described further
hereinbelow. Together, these components provide a
means for delivering, indicated generally by the nu-
meral 45, blowing agent into the liquid resin material.
The spargers are of a porosity to create minute gas
bubbles or droplets having an average diameter of up to
about 100 microns, preferably about 10 microns, more
preferably about 1 micron and most preferably about
0.2 micron.

The incorporation of blowing agent into the liquid
resin material is facilitated by the continuous circulation
of liquid from conduit 23 into return line 46 and through
nucleation loop pump 48. Prior to passage into the
sparger unit 43, the liquid is directed through measuring
equipment and control system, indicated generally by
the numeral 50 and a back pressure regulating valve 51
the purpose of the latter being to provide a region in the
return line 46 where the pressure is not significantly
above tank pressure to aid the introduction of the nucle-
ating gas, 1.e., blowing agent. Upon exiting sparger unit
43 the nucleated liquid resin material is fed into the
supply tank 21 via supply pipe 52 which passes through
a port 33 (FIG. 2) in the tank sidewall 54 and into gas
dispersion unit, indicated generally by the numeral 60,
as will be described in greater detail hereinbelow.

The tank 21 provides a conventional agitator 61,
driven by motor 62 and having suitable mixing blades
63. It 1s important that the agitator maintain an experi-
mentally determined level of agitation without disrupt-
ing the surface of the material enough to cause uncon-
trolled gas inclusion. Material enters the tank in three
difterent conditions, bulk, return from metering cylin-
ders and return through the gas dispersion unit 60, and
the average material in the tank provides a fourth condi-
tion. Agitation rates will differ among systems and per-
haps even with different tank pressures. Moreover, in
some systems the tank actually acts to “sort” the large
bubbles from the small by allowing the large to float.
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Too much agitation can result in the incorporation of 60

larger bubbles in the part, an undesirable condition.

The tank also carries internal baffles 64, 65 which are .

employed to improve the efficiency of the agitator with
a minimal probability of causing disruption of the sur-
face of the liquid enough to cause significant blanket gas
inclusion.

With respect now to the gas dispersion unit 60 de-
picted in greater detail in FIGS. 2-5, the unit is a cus-
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tom designed high shear homogenizer which is passed
through the top 70 of mixing tank 21, off-center. Gas
dispersion unit 60 includes an exterior housing 71,
which houses the shearing elements, and an external
motor 72. The motor is carried by a support bracket 73
which is affixed to the housing 71 via nuts and bolts 74,
75 and also forms the upper, closed end of housing 71.
It is suitably sized, at approximately 20 HP, and oper-
ated at variable speeds up to about 3600 rpm to be em-
ployed in tank 21 having a capacity of about 150 gal-
lons. Of course, these parameters are provided for over-
all enablement and not to limit the invention or the unit
60, specifically. -

The motor provides an output shaft 76, which is ap-
propriately journalled in bearings 77 (FIG. 1), and is
connected via coupling sleeve 78 to the blade support
shaft 79. The latter shaft carries a series of shearing
blades 80, which are affixed thereto and separated from
each other by spacers 81. The blades provide an essen-
tially circular and flat body 82 and terminate with
toothed edges 83 about the circumference which alter-
nate between upward and downward dispositions (FIG.
4). The toothed edges 83 terminate a short distance
from the inner wall 84 formed by a plurality of interme-
diate tube sections 85, forming the sidewall 71 of unit
60.

Positioned between adjacent tube sections 85 are
baffles or shear plates 86 which are flat and provide a
central opening 88 about spacers 81, through which the
liquid can pass. Shear plates 86 are held by their edges
between adjacent tube sections 85 which, in turn, are
held together by tie rods 89 and nuts 90, which aid
assembly and disassembly of the unit 60.

The uppermost shear plate 86 has a smaller central
opening 88 than the succeeding lower shear plates 86.
This structure inhibits flow of incoming material via
supply pipe 52 upwardly. As liquid resin material is fed
through supply pipe 52 and inlet pipe 93, which passes
through a bore 94 in tube section 85, it enters a first
chamber, generally 95, defined by inner wall 84, and
two shear plates 86 and 86A. A series of four baffles 96
are affixed to the inner wall 84 in chamber 95 to help
control unwanted rotation of the material about 95.

With reference to FIG. 2, it will be evident that as
liquid resin material is fed into chamber 95 through inlet
pipe 93 it flows axially around the edge of shearing
blade 80A and then radially inwardly through the cen-
tral opening in shear plate 86A, then radially outwardly
around the next shearing blade 80B and so forth.

Each pair of shear plates forms a successive chamber
95A-95C and the number of these can be varied to
provide the necessary shearing action for the desired
dispersion of blowing agent within the liquid resin ma-
terial. As depicted in FIG. 2, three complete chambers
are shown although it is to be understood that neither
apparatus 20 nor the dispersion unit 60 is limited
thereto.

Finally, the last or lowermost chamber 95C is
reached which is defined again by inner wall 84 and
shear plate 86C and the base 98 of housing 71. The base
98 receives a pilot bushing 99 for the end of output shaft
79 and provides.a plurality of openings 100 through
which the mixture can exit while passing through bear-
ing spyder 101 and out of the unit 60. Within chamber
935C an apertured pumping blade 80D can optionally be
employed which differs from the preceding shearing
blades by virtue of carrying a plurality of louvered
passageways 102 (FIG. 5) in the body 82. The blade
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80D provides a pumping action which will be propor-
tional to the RPM of the unit. This provides two advan-
tages: first it reduces the amount of material that will
pass out of the top of the unit without going through the
mixer area; second, it reduces the pressure in the mix
area, making the bubbles temporanly larger and easier
to shear to a smaller size.

When the mixture exits the unit 60, substantlally all of
the entrained bubbles are of a minute and uniform size
1.e., between 0.1 and 50 microns, depending upon the
resin and amount of blowing agent. As the mixture is
expelled toward the bottom of tank 21 the agitator
blades 63 are pitched and rotate to draw the lower tank
contents upwardly and into contact with the freshly
dispersed mixture from unit 60.

Again, with reference to FIGS. 2 and 3, it will be

noted that the housing 71 is provided with a series of

large ports 105 within top section 106 and above first
chamber 95. These ports 105 are provided to allow the
excess returning material from inlet 93 to pass out the
top of the shearing area into the tank 21 without causing
excessive disturbance of the surface of the material
already in the tank, which can cause uncontrolied and-
/or excessive inclusion of gas, without the use of bear-
Ings or seals in the potentially abrasive material. Allow-
ing that the level of the tank must be controlled in the
center 50 percent of these ports, the ports prevent the
material exiting from the top of the mixer area from
reaching the area of the shaft seals. Any casual drops of

material are caught by a slinger plate 108 mounted on

the shaft 76 just below the seal 109 (FIG.1).

The lhiquid level must be maintained in the center 50
percent of the large openings. If the material reaches the
top of the holes, its level can no longer be guaranteed to
be the same as the general tank level. The concern here
1s that the material M must be prevented from reaching
the shaft seal 109 after it passes above the top of the
holes 103 because the abrasive filler content in the resin
would undesirably affect the seal 109.

The dlSpersmn unit 60 just described provides for
flow via inlet pipe 93 and out the bottom through open-
ings 100. Addltlonally, the use of an apertured pumping
blade 80D assists in directing liquid through the unit 60.
Nevertheless, a downward pumping action can be ob-
tained without an apertured pumping blade 80D by
changing spacers 81. More particularly, with reference
to chamber 95A, for instance, by positioning the shear-
ing blade 80B closer to shear plate 86A, than 86B, the
chamber will pump downwardly. Similarly, by posi-
tioning the shearing blade 80B closer to shear plate 86B,
the chamber will pump upwardly.

In the latter context, it should be appreciated that the
dispersion unit 60 could as well be fed from the bottom
and dispense the sheared material via ports 105 at the
other end. To accommodate this design, supply pipe 52
would be connected to pipe 110 (FIG. 1) which would
pass through tank sidewall 54 and into the dispersion
unit 60. Port 94 would be open to tank 21 and compo-
nents 52, 53 and 93 would be eliminated. While this

particular embodiment is not depicted in greater detail, 60

1t will be appreciated that the lower configuration of
unit 60 may be adapted by elimination of the openings
100, the apertured pumping blade 80D and the inlet pipe
93. Also, the shearing blades 80 may be positioned to
pump upwardly through the unit.

Addtitional embodiments of apparatus 20 are depicted
in FIGS. 6 and 7. In FIGS. 6 and 7, the apparatus 20 is

similar to apparatus 20 described in conjunction with
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FIG. 1 except the dispersion unit 60 is carried exteriorly
of supply tank 21. In FIG. 6, the unit 60 is again fed by
pipe 52, as described hereinabove, and the sheared ma-
terial 1s pumped through pipe 111 into the supply tank
21. At the top of tank 21 a large diameter conduit 112 is
provided and communicates with the unit 60 in the
region of large ports 105 which are, of course, not em-
ployed in the unit 60. |

As depicted in the drawing, the level of material M in
tank 21 1s in equilibrium with the material in unit 60 just
as was true in the embodiment first described in FIG. 1.
In order to assist in mamtammg this equilibrium, a blan-
ket of gas can be provided in the chamber 113 above the
material M in unit 60. The blanket gas can optionally be
supplied via pipe 114 from tank 36 and also provides a
blanket above the material M in tank 21 as well as
within conduit 112. Alternatively it can be taken from
the blanket in tank 21.

In FI1G. 7, the material M is removed from supply
tank 21 and fed via pipe 115 into the lower end 116 of
dispersion unit 60 which also receives material from
sparger unit 43 (not shown) and control system 50 (not
shown), via pipe 52. The large conduit 112 is again
provided and communicates with the unit 60 in the
region of large ports 105, which are not employed. As is
evident from the drawing and previous explanation, the
level of material M in tank 21 and dispersion unit 60 is
thereby equilibrated. Again, a blanket gas can be fed
into the unit and tank via pipe 114. In this embodiment,
1t 1s also possible to locate a sparger unit (not shown) but
similar to unit 43, in line with the material circulated via
pipe 115 or, by locatmg it within the lower end 116 of
unit 60.

As noted here hereinabove, it is important to monitor
the mixture of blowing agent and liquid material contin-
uously to ensure the production of quality products. To
do so, analysis of the bubble size distribution within the
mixture and the mixture density is conducted with suit-
able equipment, and the information therefrom used to
control apparatus 20 by control system 50. FIG. 8 pres-
ents in greater detail an exemplary measuring equip-
ment and control system 50. Such measuring equipment
includes a bubble size analyzer 121, which is fed by
return line 46, to provide a signal 122 representative of
bubble size distribution information in a wvariety of
ranges of bubble sizes. In the present example, twelve
size ranges may be found acceptable to achieve the
necessary control for production of quality products.

Equipment is currently available for measuring bub-
ble s1ze distribution such as, for example, the Model 214
Dual Sensor Monitor from Met One of Grants Pass,
Oreg., or; the advanced Brinkmann Model 2010 Particle
Size Analyzer from Brinkmann Instruments, Inc. of
Westbury, N.Y.; or the Par-Tee series of analyzers from
Laser Sensor Technology, Inc. of Bellevue, Wash., all
of which employ lasers for detecting, measuring and
counting particles, such as gas bubbles, and generating a
suitable corresponding electronic signal. Inasmuch as
this equipment is commercially available and does not
constitute the novelty of the overall apparatus, a de-
tailed description as to the operation thereof is not
deemed necessary.

Next, 1t 1s necessary to determine the density of the
mixture which is done in the return line 46, prior to
nucleation. Suitable equipment is again indicated sche-
matically in FIG. 8 by box 123. Actually any type of
equipment can be employed so long as it can provide a
suitable electronic signal 124 corresponding to the ac-
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tual density of the mixture in the tank and hence, de-
talled description of a particular means is not deemed
necessary. Exemplary apparatus could include the vi-
brating U-tube or nuclear attenuation equipment, dis-
cussed hereinabove. Additionally, a highly accurate
apparatus and method for determining density by mea-
suring volumetric expansion potential is described in
U.S. Pat. No. 5,154,088 owned by the Assignee of re-
cord, the subject matter of which is incorporated herein
by reference.

After passing through the bubble size analyzer 121
and density measuring equipment 123, the mixture is
nucleated (initially) or receives an additional charge of

5
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blowing agent in sparger unit 43 as necessary. Back -

pressure regulating valve 51 assures constant pressure in
this area of measurement before the mixture is fed to
sparger unit 43 at substantially tank pressure. It should
also be noted that in RRIM systems, fillers are em-
ployed in the liquid material resin. These may not be
readily accounted for by the laser equipment employed
to analyze the bubbles and thus, the present invention
can also include the use of ultrasonic reflection equip-
ment, schematically depicted by box 125 in line 46 gen-
erating its own signal 126 representative of bubble size
distribution information in a variety of ranges of bubble
sizes. Suitable ultrasonic reflection units are commer-
cially available from Monitek Technologies, Inc. of
Hayward, Calif. Since this equipment is commercially
available and does not constitute the novelty of the
overall apparatus, a detailed description of the opera-
tion thereof is not deemed necessary.

Measuring equipment and control system 50 can be
seen to further broadly include a bubble size control
130, a density control 131 and a motor drive control
- limiter 132. Bubble size control 130 includes any control
able to generate the necessary control signal, such as a
bubble size proportional integral derivative (hereinafter
PID) controller 135 described below in greater detail.
Where more than one type of bubble size measuring
equipment 1s furnished, a switch 136 may be provided to
receive the output signals therefrom (here 122 and 126)
and select one signal to forward to and be received by
bubble size PID controller 135. The output signal from
bubble size PID controller 135 may be received by gain
control 138 and the amplified output signal 139 there-
from received by a summing junction 140.

Density control 131 includes a summing junction 141
receiving output signal 124 and a density reference
setpoint 142, and furnishing an output signal 143 to
density PID controller 145 described below in greater
detail, a further summing junction 148 receiving an
output signal 149 from density PID controller 145 and
an output signal 150 from autofill valve 151 (FIG. 1)
corresponding to the rate of liquid resin material flow
into mixing tank 21 suitably adjusted by scaling factor
K 41 152. The output signal from summing juncture 148
is recelved by sparger unit valve 42 to control the oper-
ation thereof, and by scaling factor K p 153 for suitable
adjustment. The output signal 158 from scaling factor
K p 153 1s received by summing junction 140. |

The output signal 159 from summing junction 140
may be received by a conventional motor 160 drive
control, thereby controlling motor 72 operation and
altering the fineness of dispersion of the blowing agent
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characteristic of the output signal 161 from limiter 132
recerved by motor 72 drive control 160 is constrained to
result in a motor 72 rotational velocity within the de-
sired range, here from about 180 rpm up to about 3600
rpm.

As noted hereinabove, the present invention employs
the gas dispersion unit 60 to homogenize the bubbles of
blowing agent entrained within the liquid resin material.
In addition, means are provided for controlling the
rotational velocity (commonly given in revolutions per
minute or RPM) of gas dispersion unit 60 which, in
turn, accommodates the desired bubble size and popula-
tion density for a given liquid resin material and blow-
ing agent. Bubble size analyzer 121 is employed to mea-
sure bubble size and distribution. The output signal
containing this information, and the output signal from
density determining equipment 123 are employed to
generate an appropriate signal for controlling the RPM
of gas dispersion unit 60.

An appropriate signal for controlling the rotational
velocity of gas dispersion unit 60 may be readily gener-
ated with a variety of known control systems. One such
system, well sutted for straightforward and convenient
implementation on a digital computer, is the propor-
tional integral derivative controller noted hereinbefore.
The operation of a discrete-dam PID controller is well-
known, and is thoroughly explained in the leading text
entitled “Automatic Control Systems™ by Benjamin C.
Kuo (4th Ed. 1982) in §8.9 (pp. 536-540), which is in-
corporated herein by reference.

A block diagram of a digital program implementation
of the PID controller is presented in the Kuo text in
FIG. 8-51 and reproduced in FIG. 9 herein. In that
Figure a function f(t) is sampled with the period T and
at t=kT is approximated numerically by use of the
values of f(t) measured at t=kT and t=(k—1)T. K, K;
and Ky represent the proportional gain, integral gain
and derivative gain, respectively.

Developing a PID controller equation for control of
the rotational velocity of gas dispersion unit 60 using
bubble density information as feedback may begin with
the Z-transfer function for the discrete PID controller

[Z + 1]

EQ. [!
L K Q. [1)

[Z — 1]
[£]

where K is the Proportional Gain for the system under
control, K;is the Integral Gain, and Kyis the Derivative
Gain. The transfer function for the digital differentiator

18 presented in the Kuo text at Equation 8-187 on Page

339. The transfer function for the digital integrator
presented in the Kuo text and in FIG. 9 herein employs
a rectangular numeric approximation. However, as is
well known, numeric approximations may be improved
if a trapezoidal approximation is employed. Several
texts provide derivation of the transfer function for a
digital integrator using a trapezoidal numeric approxi-
mation including “Discrete-Time And Continuous-
Time Linear Systems” by Robert J. Mayhan (1984) at
Equation 3.212 and in FIG. 3.39 on pages 228 and 229,
respectively, and “Digital Control System Analysis and
Design” by Charles L. Phillips and H. Troy Nagle, Jr.
(1984) at Equation 8-52 on Page 247, the latter equation

being identical to Equation 1 hereinabove.

In order to determine the homogenizer speed rela-
tionship to bubble density, the terms in the Z-transfer
function for the discrete PID controller of Equation 1

in the liquid resin material M. Alternatively, where the 65
range of rotational velocity of motor 72 is desired to be
limited, as in the example herein, output signal 159 may
‘pass through a limiter 132 to insure that the appropriate
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may be combined and the difference between the ho-
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mogenizer speed at time t=kT and t=(k— 1)T found by
subtraction, yielding the following

nucleating gas escapes from nucleated polyahl resins
obtained with existing equipment in a matter of two
hours or less sufficiently to require re-nucleating before
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use. It 1s important to note that for all operating condl-
tions stated hereinbelow, no voids or sink marks were

detected on the molded parts.

The apparatus was employed to mold bumper fascia

R{R)—2R(k—1)=2KqC(k —2)+(—2Kp+ Ki—4Ko)- 5 under the following conditions:
Clk— 1)+(2KF+K5+2KJ)C(k) EQ.[2] Part size—12 pOllHdS
where R(k) is the output homogenizer speed and C(R) IS poyi o e % 1o o onds
: | : ) . g Rate—6.8 to 22 pounds/sec
the Input bubble density. Rearranging terms provides Open Cup S.G.—0.8
the desired homogenizer SPeEd €quation 10 Homogenizer—1500 RPM (max) while nucleating
R(Ky=2K jC(k —2)+(— 2K p-+ Ki— 4K ) Clk — 1)+ (2- —350 RPM while not nucleating
Ko+ Ki+2K)C(k) +2 R(k— 1) EQ.[3] Operating pressure—100 to 150 psi
- The homoginmzer RPM was turned up to 2200 RPM
Equation 3 represents the desired control relationship ~ and a stable mixture of 0.32 specific gravity was
between homogenizer speed based on bubble density 15 achieved in 30 minutes. Typically open cup s'pemﬁc
feedback. In the present example there are twelve possi- ~ &ravity measurements Of' nucleated polyahl resins ob-
ble ranges of bubble sizes, requiring twelve control  tained with existing equipment have not been lower
loops each having that control relationship. Allowing  than 0.45. Parts were made at normal part density (12
for a weighing factor W for each of the twelve control pounds/part) and appro_ximately double the normal
loops of the present example and an overall gain G, the 20 press tonnage. Tonnage increased as expected for the
complete control equation may be expressed as higher gas loading. Parts were then easily made at 90
7 _ o ZWal(2KdnCn(k — 2)) + (—2Kpn + Kin — 4Kdn)Calk — 1) + (2Kpn + Kin + ZKdn)Cn(k) + 2Rk — 1)] EQ. [4]
W,
for n=1 to 12, where Z is the output of the controller. -
FIG. 10 depicts in control block form the detail of a percent and 80 percent of normal density, thus achiev-
single bubble size PID control loop and the summing = ing one of the stated objectives. During open cup mea-
jJunctions typical of the twelve that make up bubble size suring of the specific gravity, it was observed that sam-
PID controller 135. Density PID controller 145 may be 30 ples nearly fully retained their gas as a finely divided
similar to bubble size PID controller 135 with only a froth for several hours. It was further observed that the
single control loop (and no weighing which would be  main tank 21 remained nucleated for several days after
unnecessary). the machines were shut down. This proved the achieve-

PID controllers may be implemented either by com- ment of yet another objective; stable nucleated mixture
puter or by selection of any of the commercially avail- 35 to lower Spec1ﬁc gravity than has been previously possi-
able units such as the Universal Digital Controller Se- ble.
ries manufactured by Honeywell, Inc. of Minneapolis, By use of the present invention we have obtained
Minn. As with all feedback control systems, once PID open cup specific gravities down to about 0.32, signifi-
controllers are installed, their various control variables cantly less than 0.45. Such low specific gravities are
must be chosen and set to achieve stable operation 40 quite unexpected. Significance, from a commercial
within the desired operational parameters. A great body standpoint is that with lower specific gravity regions,
of literature and know-how exists with respect to so- by virtue of the high nucleation, RIM products can be
called PID controller “tuning” and is well known to the made with less resin. The same would also be true for
ordinarily skilled artisan. Once recent and extensive RRIM and SRIM products. The resulting parts have an
work on tuning PID controliers is Control Englneer- 45 exceptionally high quality, being free from the typical
ing’s “Reference Guide to PID Tuning” published in defects that accompany such products presently at con-
1990 by Cahners Publishing of Des Plaines, I1l. ventional nucleation levels. -

It should also be understood that a greatly simplified Nevertheless, by using the same or greater weight of
control hierarchy may be utilized, although perhaps  resins nucleated according to the present invention to
with results not as favorable as that obtained with PID 50 specific gravities less than 0.45 and by raising in-mold
controllers. For example, the mixer may be operated at pressures to 770 psi, we were able to obtain parts that
a preselected speed on an intermittent basis according to were clear and also without defects, which is unknown
the recognized control principal of time proportioning. in the art and unexpected. In addition, owing to the
The percent of total time the mixer runs may be deter- extremely fine microcellular structure, impact strengths
mined from the desired density. RPM may bc prese- 55 are greatly improved. Accordingly, novel RIM articles
lected based on desired bubble size. are also produced by practice of the present invention..

To date, start-up observations of the apparatus de- Thus it should be evident that the apparatus and
scribed herein have yielded favorable results. First, method of the present invention prowdes a highly effec-
nucleated densities, when measured at atmospheric tive and accurate system for measuring and controlling
conditions of 0.8 were easily achieved in 30 minutes 60 the fineness of dispersion of at least one blowing agent
when nucleating a batch of 150 gallons. The samples In one or both liquid components of a two component
observed were stable, that is, the entrained nucleating reactive system for the manufacture of polymer foams.
gas did not coalesce and escape for 24 hours with a head The Invention is particularly suited for producing poly-
space pressure of 100 psig and no re-nucleation was urethane foams and the use of low boiling blowing
required prior to manufacturing parts. Generally, the 65 agents, but is not necessarily limited thereto. The pres-

ent apparatus can be used separately as well as with
other equipment, methods and the like, and for the
manufacture of other polymer foams.
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As for the former, suitable apparatus can include that

- which has been described in copending applications
U.S. Pat. Nos. 5,199,668 and 5,154,088 owned by the
Assignee of record.

Regarding the latter, the apparatus and method of the
present invention can also be employed with other lig-
uid resin materials than employed to form polyure-
thanes, to which blowing agents are added to form
polymer foams. Accordingly, while the present inven-
tion includes as the preferred embodiment a disclosure
of polyurethane-forming liquid resin materials, the in-
vention is not necessarily limited thereto.

Based upon the foregoing disclosure, it should now
be apparent that the use of the apparatus described
herein will carry out the objects set forth hereinabove.
It 1s, therefore, to be understood that any variations
evident fall within the scope of the claimed invention
and thus, the selection of specific component elements
can be determined without departing from the spirit of
the mvention herein disclosed and described. More-
over, the scope of the invention shall include all modifi-
cations and variations that may fall within the scope of
the attached claims.

What is claimed is |

1. Apparatus for the dispersion of minute bubbles in a
liquid resin material comprising:

high pressure tank means containing a liquid resin

material under pressure;

means for delivering at least one agent selected from

the group consisting of gaseous and liquid blowing
agents and nucleating agents into said liquid resin
material;

means for agitating the mixture of liquid resin mate-

rial and the selected agent within said tank;

means for shearing said mixture; and |

control means for determining the population of bub-

bles of said agent within said mixture and providing

an output signal for controlling operation of said

means for shearing, thereby altering the fineness of

dispersion of said agent in said liquid resin material
~ as desired. |

2. Apparatus for the dispersion of minute bubbles, as
set forth in claim 1, wherein said means for shearing
includes

a source of said blowing agent or nucleating agent;

and

a sparger unit carrying a plurality of spargers for said

agent contacted by said liquid resin material flow-
ing therethrough.

3. Apparatus for the dispersion of minute bubbles, as
set forth in claim 2, wherein said means for shearing
comprises:

housing means having inlet and outlet means;

a rotatable shaft: |

first chamber means, cooperative with saig inlet

means for the introduction of said mixture into said

housing, and providing at least one blade, mounted

upon said shaft and carried within said chamber;
at least one additional chamber means, cooperative
with said outlet means, and providing at least one
pumping blade, mounted upon said shaft and car-
ried within said chamber; and
means for rotating said shaft and said blades.

4. Apparatus for the dispersion of minute bubbles, as 65

set forth 1n claim 3, wherein said first chamber means is
defined by a pair of shear plates and the sidewall of said
housing.
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S. Apparatus for the dispersion of minute bubbles, as
set forth in claim 4, wherein each said shear plate pro-
vides a central opening for the flow of said mixture
therethrough and said blade is centrally mounted within
said chamber and provides a circumferential edge ter-
minating before reaching the inner wall of said sidewall.

6. Apparatus for the dispersion of minute bubbles, as
set forth in claim 5, wherein said first chamber means
further includes a plurality of axially oriented baffies
affixed to the inner wall of said sidewall.

7. Apparatus for the dispersion of minute bubbles, as
set forth in claim 3, wherein said additional chamber
means i1s defined by at least one shear plate, the inner
wall of said sidewall and said outlet means.

8. Apparatus for the dispersion of minute bubbles, as
set forth in claim 7, wherein said shear plate provides a
central opening for the flow of said mixture there-
through and said blade is centrally mounted within said
chamber and provides a circumferential edge terminat-

O ing before reaching the inner wall of said sidewall.
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9. Apparatus for the dispersion of minute bubbles, as
set forth in claim 3, further comprising a plurality of
chamber means between said first and said additional
chambers, each said chamber of said plurality including
a pair of shear plates and at least one blade therebe-

tween.
10. Apparatus for the dispersion of minute bubbles, as
set forth in claim 9, wherein each said shear plate pro-
vides a central opening for the flow of said mixture
therethrough and said blade is centrally mounted within
sald chamber and provides a circumferential edge ter-
minating before reaching the inner wall of said sidewall.
11. Apparatus for the dispersion of minute bubbles, as
set forth in claim 2, wherein said means for shearing
COIMPprises
housing means having inlet and outlet means;
a rotatable shaft;
first chamber means, cooperative with said inlet
means for the introduction of said mixture into said
housing, and providing at least one blade mounted
upon said shaft and carried within said chamber:;

at least one additional chamber means, cooperative
with said outlet means, and providing at least one
pumping blade, mounted on said shaft and carried
within said chamber, for pumping said mixture
axially through said housing;

means for rotating said shaft and said blades; and

sidewall port means in said housing communicable

with said mixture from a separate reservoir.

12. Apparatus for controlling the fineness of disper-
sion, as set forth in claim 11, wherein said additional
chamber means 1s defined by at least one shear plate, the
inner wall of said sidewall and open end of said housing.

13. Apparatus for controlling the fineness of disper-
sion, as set forth in claim 11, further comprising a plu-
rality of chamber means between said first and said
additional chambers, each said chamber of said plurality
including a pair of shear plates and at least one blade
therebetween.

14. Apparatus for the dispersion of minute bubbles, as
set forth in claim 11, wherein said housing means is
positioned within a tank containing a quantity of the
mixture of agent and liquid resin material.

15. Apparatus for the dispersion of minute bubbles, as
set forth in claim 1, further including

sidewall port means in said housing communicable

with said mixture from a separate reservoir.
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16. Apparatus for the dispersion of minute bubbles, as
set forth in claim 1, wherein said control means includes
~means for measuring the density of said mixture and
generating a first control signal proportional thereto.

17. Apparatus for the dispersion of minute bubbles, as
set forth in claim 16, wherein said control means further
includes means for measuring the distribution of blow-
Ing agent bubbles in a plurality of bubble size ranges and
generating a second control signal representative of

bubble size distribution in said preselected plurality of 10

bubble size ranges.

18. Apparatus for the dispersion of minute bubbles, as
set forth in claim 17, wherein a filler is included in the
liquid resin material and said means for measuring the
distribution of blowing agent bubbles includes means
for nor-optically detecting bubbles.

19. Apparatus for the dispersion of minute bubbles, as
set forth in claim 17, wherein said control means further
Includes bubble size control means for receiving said
second control signal and generating a2 third control
‘signal.

20. Apparatus for the dispersion of minute bubbles, as
set forth in claim 19, wherein said bubble size control
means includes bubble size feedback control means for
recelving said second control signal and generating said
third control signal.

21. Apparatus for the dispersion of minute bubbles as
set forth in claim 20, wherein said bubble size feedback
control means is a proportional integral derivative con-
troller.. |
- 22, Apparatus for the dispersion of minute bubbles, as
set forth in claim 21, wherein said preportlonal Integral
derivative controller for said bubble size control means
is a digitally implemented proportional mtegral deriva-
tive controller whose control equatlon 1s equal to the
overall gain G times
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27. Apparatus for the dispersion of minute bubbles, as
set forth in claim 26, wherein said density feedback
control means is a proportional integral derivative con-
troller.

28. Apparatus for the dlspersmn of minute bubbles, as
set forth in claim 27, wherein said proportional integral
derivative controller of said density feedback control
means 1s a digitally implemented proportional integral
derivative controller whose control equation is equal to
the overall gain G times

[(2KaD(k—2))+(—2K +K;-—4de(k—1)+(2xp
+ K+ 2K)D(R)+2M(k— 1)}

where K, is the Proportional Gain, K; is the Integral
Gain, K is the Derivative Gain, D(k) is the density of
said mixture at time t=kT, D(k—1) is the density of said
mixture at time t=(k—1)T, D(k—2) is the density of
said mixture at time t=(k—2)T, and M(k—1) is the
density control command value.

29. Apparatus for the dispersion of minute bubbles, as
set forth in claim 17, wherein said control means further
includes bubble size control means for receiving said
second control signal and generating a third control
signal, density control means for receiving said first
control signal and generatmg a forth control signal, and

junction means for receiving and combining said third

control signal and said forth contrel signal and provid-
ing a fifth control signal.

30. Apparatus for the dispersion of minute bubbles as
set forth in claim 29, wherein said control means further
includes limiter means for receiving said fifth control

- signal, limiting a preselected characteristic of said fifth

control signal to be within a range acceptable by said
means for shearing, and providing said fifth control
signal having a limited preselected characteristic as said

EWal@KanCrk — 2)) + (=2Kpn + Kin — 4Kdn)Cnlk — 1) + Kpn + Kin + 2Kan)C(K) + 2Rk — 1)]
ST ndnen® 7 ) (7 2pn + Kin = 4Kan)Calk — 1) + QKpn + Kin + 2Kan)Crlk) + 2Ralk — 1]

W,

where n is an integer number from one to the number of
feedback loops, W, is the weighing factor for loop n,
K,n 1s the Proportional Gain for loop n, K;, is the Inte-
- gral Gain for loop n, K4, is the Derivative Gain for loop
n, Cy(k) 1s the bubble density at time t=kT, Cn(k—- 1)1s
the bubble density at time t=(k—1)T, C,(k—2) is the
bubble density at time t=(k—2)T, and R,(k—1) is the
speed of the means for agitating.

23. Apparatus for the dispersion of minute bubbles, as
set forth in claim 21, wherein said proportional integral
derivative controller includes a plurality of feedback
loops equal in number to said plurality of bubble size
ranges.

24. Apparatus for the dispersion of minute bubbles, as
set forth in claim 23, wherein each said plurality of
feedback loops has a weighing factor and includes
weighing means for separately adjusting said weighing
factor for each of said plurality of feedback loops.

25. Apparatus for the dispersion of minute bubbies, as
set forth in claim 17, wherein said control means further
includes density control means for receiving said first

~control signal and generating a fourth control signal.

26. Apparatus for the dispersion of minute bubbles, as

45

50

335

output signal for controlling operation of said means for
shearing. |

31. A method for the dispersion of minute bubbles in
a liquid resin material comprising the steps of:

withdrawing a quantity of said liquid resin material

and an agent selected from the group consisting of -
gaseous and liquid blowing agents and nueleatm g
agents from a supply tank; |

- controlling the operation of means for shearing said
hquid resin material and dispersed agent, thereby
affecting as desired the size and homogeneity of the
bubbles of said agent; and,

agitating the mixture of liquid resin material and dis-

persed agent within the tank with the output from
said means for shearing to obtain a uniform and
homogeneous population of bubbles dispersed in
said liquid resin material.

32. A method for controlling the dispersion of minute
bubbles as set forth in claim 31, wherein said step of
controlling the operation of said means for sheanng
includes the steps of measuring the density of said mix-
ture and generating a first control signal proportional
thereto.

33. A method for eontrollmg the dispersion of minute

bubbles, as set forth in claim 31, wherein said step of
controlling the operation of said means for shearing
further includes the steps of determining the pOpulatlon-
of bubbles of said agent within said liquid resin material.

set forth in claim 25, wherein said density control means 65
Includes density feedback control means for receiving
said first control signal and generating said fourth con-
trol signal.
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34. A method for controlling the dispersion of minute tional integral derivative controller equal in number to
bubbles, as set forth in claim 33, wherein said step of  said plurality of bubble size ranges.
determining the population of bubbles within said liquid 40. A method for controlling the dispersion of minute
resin material includes the steps of measuring the distri-  bubbles, as set forth in claim 39, wherein said step of
bution of bubbles in a plurality of bubble size ranges and 5 digitally implementing said bubble size distribution pro-
generating a second control signal representative of  portional integral derivative controller includes the step
bubble size distribution in said preselected plurality of  applying a separately adjustable weighing factor to
bubble size ranges. each of said plurality of feedback loops.

35. A method for controlling the dispersion of minute ~  41. A method for controlling the dispersion of minute
bubbles, as set forth in claim 34, wherein said step of 10 bubbles, as set forth in claim 34, wherein said step of
measuring the distribution of blowing agent bubblesina  controlling the operation of said means for shearing

plurality of bubble size ranges inciudes the step of non-  includes the steps of density control means receiving
optically detecting bubbles when a filler is included in  said first control signal and generating a forth control
the liquid resin material. signal. |

36. A method for controlling the dispersion of minute 15  42. A method for controlling the dispersion of minute
bubbles, as set forth in claim 34, wherein said step of  bubbles, as set forth in claim 41, wherein said step of
determining the population of bubbles includes the fur- generating said forth control signal includes the step of
ther steps of bubble size control means receiving said providing density feedback control in a proportional
second control signal and generating a third control integral derivative controller.
signal. 20  43. A method for controlling the dispersion of minute

37. A method for controlling the dispersion of minute bubbles, as set forth in claim 42, wherein said step of
bubbles, as set forth in claim 36, wherein said step of  providing density feedback Control includes the further
generating a third control signal includes the step of  steps of digitally implementing said proportional inte-
providing bubble size distribution feedback controlina  gral derivative controller with a control equation equal

proportional integral derivative controller. 25 to the overall gain G times
38. A method for controlling the dispersion of minute
bubbles, as set forth in claim 37, wherein said step of [QKaD(k —2))+(—2Kp+ K — 4K )D(k— 1)+ (2K

providing bubble size distribution feedback control —Kit+2K)Xk)+2M(k—1)]

includes the further steps of digitally implementing said

roportional integral derivative controller with a con- 30 Wh?re KR_ Is the Prt_)po!'tional _Gaimr K-f is the Int.egral
tpm]p:quation equgf to the overall gain G times Gain, Ky 1s the Denvatwe Gain, D(k) 1s the density of

ZWnl(2KgnCn(k — 2)) + (—2Kpn + Kin — 4Kan)Cp(k — 1) + (ZKpn + Kin + 2Kgn)Cn(k) + 2R (k — 1)]
ZWy

said mixture at time t=XkT, D(k — 1) is the density of said
mixture at time t=(k—1)T, D(k—2) is the density of
said mixture at time t=(k—2)T, and M(k—1) is the
density control command value.
where n is an integer number from one to the numberof 490  44. A method for controlling the dispersion of minute
feedback loops, W, is the weighing factor for loop n, bubbles, as set forth in claim 33, wherein said step of
K,n 1s the Proportional Gain for loop n, K;, is the Inte- determining the population of blowing agent bubbles
gral Gain for loop n, Kz, is the Derivative Gain forloop  includes the further steps of bubble size control means
n, C,(k) is the bubble density at time t=kT, C,(k—1) is recetving said second control signal and generating a
the bubble density at time t=(k—1)T, C,(k—2) is the 45 third control signal, said step of controlling the opera-
bubble density at time t=(k—2)T, and R,(k—1) is the tion of said means for shearing includes the steps of
speed at which the mixture is agitated. density control means receiving said first control signal
39. A method for controlling the dispersion of minute and generating a forth control signal, and junction
bubbles, as set forth in claim 38, wherein said step of = means receiving and combining said third control signal
digitally implementing said bubble size distribution pro- 50 and said forth control signal and providing a fifth con-
portional integral derivative controller includes the step trol signal.
of providing a number of feedback loops in said propor- * O * x x
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